Metal-enhanced fluorescence of conjugated polyelectrolytes (CPs) is realized using a simple, green hybrid Ag nanocomposite film. Ag nanoparticles (Ag NPs) are pre-prepared by sodium citrate reduction and incorporated into agarose by mixing to form an Ag-containing agarose film (Ag@agarose). Through variation of the amount of Ag NPs in the Ag@agarose film as well as the thickness of the interlayer between CPs and the Ag@agarose film prepared of layer-by-layer assembly of chitosan and sodium alginate, a maximum 8.5-fold increase in the fluorescence of CPs is obtained. After introducing tyrosinase, this system also can be used to detect phenolic compounds with high sensitivity and good visualization under ultraviolet light.
surfaces is strongly distance dependent [36] [37] [38] . LbL assembly, which enables exact deposition of nanometer-thick layers on planar surfaces, can be used to fine-tune the distance between CPs and metal nanostructures [39] [40] [41] .
In this research, we design a facile, green method to fabricate hybrid Ag nanocomposite films to enhance the fluorescence of CPs based on MEF. The SPR of the metallic nanostructures is tuned by simply changing the amount of Ag nanoparticles (NPs) in the film. Moreover, by using biocompatible chitosan (CS)/sodium alginate (ALG) multilayers, it is easy to adjust the interaction distance of the MEF effect by varying thickness. By introducing tyrosinase into the nanocomposite, this system can be used to detect phenolic compounds with high sensitivity and ready visualization under ultraviolet (UV) light.
Results
Preparation and characterization of Ag-containing agarose films. Figure 1 shows the structure of the system. First, the prepared Ag NPs were loaded onto the agarose matrix structure to form an Agcontaining agarose film (Ag@agarose), which acted as a metallic substrate. Then, a thin layer of cationic polyethyleneimine (PEI) was deposited to improve the ability of the structure to form an assembly. Anionic polyelectrolyte ALG and cationic polyelectrolyte CS were deposited stepwise by LbL assembly to form an interlayer. Finally, the fluorescent cationic CP poly [9,99-bis(60-(N, N,Ntrimethylammonium)-hexyl)fluorene-co-alt-2,5-dimethoxy-1,4phenylene dibromide] 42 (PFPMO) was added dropwise onto the interlayer surface in a controlled manner. The Ag/PFPMO nanocomposite film possessed a positively charged surface. The corresponding photographs of quartz slide, Ag@agarose and Ag/ PFPMO films showed the assemble process (see Supplementary  Fig. S1 online) .
Ag NPs were synthesized in one step according to a reported procedure 43 . The concentration of Ag NPs was around 3 3 10 7 NPs/mL 44 . The advantages of this method are that Ag NPs reduced and stabilized with non-toxic sodium citrate are more environmentally friendly and reactive than those formed by the seeded growth method using a toxic reducing agent. In addition, the large Ag NPs prepared by this method displayed obvious SPR 45, 46 . A TEM image of the Ag NPs is depicted in Fig. 2a . The synthesized Ag NPs are monodisperse, with an average diameter of 65 nm, which is suitable to generate a MEF effect 45 . In addition, the Ag NPs exhibit a f-potential of 237.5 mV, which is high enough to enable stabilization of the NPs in aqueous solution. To consider the fundamental relationship between SPR and light absorption, the UV-Vis absorption spectrum of the Ag NPs in aqueous solution was measured, as shown in Fig. 2b . The NPs exhibit a characteristic absorption peak at approximately at 410 nm, which is consistent with the SPR band of spherical Ag NPs in aqueous solution 47 .
Agarose can form a physically crosslinked gel network involving hydrogen bonding and hydrophobic interactions upon cooling its hot aqueous solution to room temperature 48 . Because of its good film-forming ability and biocompatibility, agarose was selected to immobilize Ag NPs on the platform. By directly mixing different amounts of the Ag NP solution with 0.5% agarose solution, seven types of Ag@agarose film with different concentrations of Ag NPs in the range of 0.15-3 3 10 6 NPs/mL were prepared. The content of Ag NPs in the agarose films was monitored by UV-Vis absorption spectroscopy. As shown in Fig. 3a , no obvious absorbance peak was observed from the bare agarose film. At a low Ag NP concentration of 0.15 3 10 6 NPs/mL, a distinct absorbance peak emerged at 433 nm, which is attributed to the SPR band of Ag NPs in the Ag@ agarose film. The absorption intensity of Ag NPs increase gradually with Ag NP concentration and the absorption maxima remained at 433 nm. The result reveals that agarose can act as an effective support material to immobilize Ag NPs on the platform. Meanwhile, because of their protection with citrate, the Ag NPs were stabilized in agarose, which allowed highly concentrated NP dispersions to form. However, the absorption maximum of the Ag NPs shifted from 410 nm in aqueous solution to 433 nm in the Ag@agarose film. It is known that the SPR of metal NPs depends on the dielectric properties of the surrounding medium 49, 50 . Therefore, this red shift was mainly related to the different dielectric environments of the aqueous solution and agarose film. The color of the Ag@agarose films ( Fig. 3b ) gradually changed from transparent to deep brown as the concentration of Ag NPs increased, which further indicates that Ag NPs were densely packed on the substrate.
The surface morphologies of Ag@agarose films were analyzed by AFM (see Supplementary Fig. S2 online) . As the concentration of Ag NPs increased up to 1.8 3 10 6 NPs/mL, Ag NPs gradually spread over the surface and formed a homogeneous structure. The corresponding roughness of the films increased slightly from 1 to 3.45 nm ( Fig. 3c ). However, as the concentration of Ag NPs increased further to 3 3 10 6 NPs/mL, the homogeneous structure was disrupted and uniformity decreased. The corresponding roughness of the films increased dramatically to 11.6 nm. High coverage and a uniform surface will result in an efficient MEF effect 28, 51 , so the Ag@agarose film with 1.8 3 10 6 NPs/mL was selected as the metallic substrate in our study because of its dense, homogeneous Ag structure.
MEF effect of an Ag/PFPMO nanocomposite film. The fluorescence intensity of a fluorophore depends not only on the amount of Ag NPs on the substrate, but also on the distance between CPs and metal nanostructures. Therefore, it is important to optimize the distance for efficient MEF. PFPMO was chosen as a fluorophore because its emission spectrum overlaps well with the absorption spectrum of the Ag@agarose film, which should allow efficient MEF ( Fig. 4a) 52, 53 . In addition, PFPMO possesses good water solubility and multiple charges, so it is easy to assemble on the polyelectrolyte surface.
Ag@agarose films containing 1.8 3 10 6 NPs/mL with uniform surface were used to determine the fluorescence intensity of PFPMO at different distances from the Ag@agarose film surface. Four different PEI/(ALG/CS) n (n 5 0-3) interlayers were prepared by LbL assembly using electrostatic attraction. The obtained interlayers are denoted PEI, PEI-1BL, PEI-2BL and PEI-3BL. Fig. 4b illustrates the fluorescence intensity of PFPMO at different distances from the surface of agarose and Ag@agarose films. Without Ag NPs, the fluorescence intensity of PFPMO at different distances from the agarose film surface remained similar. Conversely, in the presence of Ag NPs, the fluorescence intensity of PFPMO changed markedly with distance. When PFPMO was directly attached onto the surface of the Ag@agarose film, the fluorescence intensity was quenched. One PEI interlayer caused the fluorescence intensity of PFPMO to increase slightly. When the interlayer was changed to one bilayer, the fluorescence intensity of PFPMO reached its maximum. Further increasing the thickness of the interlayer caused the fluorescence intensity of PFPMO to decrease. These results show that MEF depends strongly on the distance between PFPMO and the Ag@agarose film. The thicknesses of the initial PEI layer and each CS/ALG bilayer were 1.3 and 9.2 nm, respectively. Because the PEI-1BL interlayer exhibited the largest MEF effect, the optimal interaction distance in our MEF system is around 10.5 nm. The presence of a PEI-1BL interlayer on the Ag@agarose film with 1.8 3 10 6 NPs/ mL smoothed the surface of the film (see Supplementary Fig. S3 online), indicating that this interlayer was successfully assembled by electrostatic attraction.
We also studied the fluorescence spectra of PFPMO on different substrates (Fig. 4c) . A large enhancement of ,8.5-fold was observed for PFPMO on Ag@agarose/PEI-1BL film compared with that on a glass/PEI-1BL film, while the fluorescence intensity of PFPMO was quenched by about 17% on an agarose/PEI-1BL film compared with that on the glass/PEI-1BL film. When PFPMO was deposited directly on glass, the fluorescence of PFPMO was quenched by about 40% due to the self-aggregation compared with that on the glass/PEI-1BL film. These results indicate that the Ag@agarose film was suitable as a metallic substrate to realize MEF and PFPMO had desirable fluorescent properties on this substrate. The noticeable enhancement of the intensity of fluorescence from PFPMO on the Ag@agarose substrate could be visually observed by the naked Fig. 4c ). Therefore, the Ag/PFPMO nanocomposite film with a PEI-1bilayer interlayer assembled on the Ag@agarose film with 1.8 3 10 6 NPs/mL was optimal for our MEF system. Detection of phenolic compounds by Ag/PFPMO nanocomposite films. We then examined the ability of this MEF system to detect phenolic compounds. Tyrosinase was adsorbed onto the surface of the film by electrostatic attraction because CS and PFPMO provide a positively charged surface. Tyrosinase can be used to catalyze the oxidation of phenolic compounds to quinone (see Supplementary  Fig. S4 online) , which is capable of quenching the emission of CPs via electron transfer 54 . As a result, phenolic compounds can be detected by monitoring the quenching of PFPMO by the produced quinone. Six kinds of phenolic compounds were chosen for detection: bisphenol A (BPA), catechol, dopamine, phenol, p-cresol and mcresol. Fig. 5a illustrates the change of I/I 0 with reaction time in the presence of 10 mM of different phenolic compounds, where I and I 0 represent the fluorescence intensity of PFPMO at 413 nm in the presence and absence of phenolic compounds, respectively. After addition of different phenolic compounds, the fluorescence emission intensity of PFPMO decreased with reaction time because of the formation of quinones. The degree of fluorescence quenching reached its maximum value after ,20 min for catechol and dopamine, and ,30 min for BPA, phenol, p-cresol and m-cresol. Among these compounds, the quenching efficiency of BPA is 85%, which is slightly higher than those of the other phenols. Comparing the structures of these phenolic compounds reveals that the faster reaction for catechol and dopamine is caused by a one-step enzymatic process involving direct conversion of catechol to quinone, while for the other compounds, the reaction is slower because the enzymatic process involves multiple steps: the conversion of phenolic substrates to catechol, followed by quinone formation. Unlike the other phenols investigated here, BPA contains two phenolic rings per molecule. Therefore, BPA formed two quinone-like structures at the two rings, whereas the others produced one, which resulted in stronger quenching of BPA. However, the fluorescence intensity of PFPMO was quenched by more than 75% for all of these compounds, demonstrating that fluorescence quenching by quinone is a general phenomenon. The developed system is suitable to detect all of these well-known phenolic compounds. Then, we chose BPA as a model to evaluate the sensitivity of this detection protocol. The change of I/I 0 with reaction time in the presence of different concentrations of BPA is shown in Fig. 5b . For the entire range of BPA concentration examined, the fluorescence intensity of PFPMO decreased with reaction time. Moreover, the emission intensity of PFPMO decreased almost linearly up to a certain concentration of BPA (,10 mM), and reached a plateau at higher BPA concentration. Fig. 5c shows that a noticeable intensity change in the system could be detected by the naked eye under UV light, unlike that of the blank. This system allows sensitive detection of BPA with a low detection limit of 0.01 mM.
Discussion
In this work, a simple, green Ag nanocomposite film was prepared to enhance the fluorescence intensity of the CP PFPMO. Non-toxic sodium citrate functions as a reductant and stabilizing agent to synthesize large Ag NPs that exhibit a large scattering cross-section, which benefits the MEF effect. Polysaccharide agarose serves as a support material because of its good film-forming ability and low background fluorescence. By direct mixing, Ag NPs were well dispersed and densely loaded onto polysaccharide agarose to form Ag@ agarose films. The surface morphologies of Ag@agarose films can be controlled by the content of Ag NPs. The optimized Ag concentration in the Ag@agarose films is 1.8 3 10 6 NPs/mL and the formed homogeneous Ag structure helps to enhance PFPMO fluorescence. The resulting Ag@agarose film exhibited tunable fluorescence enhancement of PFPMO that could be controlled simply by varying the distance between PFPMO and Ag@agarose. Conventional LbL assembly of natural polysaccharide CS and ALG was successfully utilized to produce the desired MEF effect, achieving a maximum 8.5-fold increase in the fluorescence intensity of PFPMO with an interlayer of PEI-1BL.
The resulting Ag/PFPMO nanocomposite film provides a biocompatible environment for tyrosinase as well as an extensively charged surface to immobilize it. The enhanced fluorescence intensity of PFPMO was used to detect phenolic compounds. After addition of phenolic compounds, PFPMO fluorescence intensity was quenched by quinone intermediates produced from the tyrosinase-catalyzed oxidation of the phenolic compounds. The intensity change is concentration dependent and visible to the naked eye under UV light. For BPA, which can disrupt the human endocrine system 55 , the detection limit is as low as 0.01 mM. Therefore, the system based on an Ag/PFPMO nanocomposite film exhibits enhanced fluorescence intensity and good sensitivity, and is an efficient approach to fluorescence detection. In the current system, phenolic compounds are detected only by quinone-induced fluorescence quenching of CPs. However, using the present method, the fluorescence intensity of CPs was partly quenched. So the analytical sensitivity will be influenced by the remaining fluorescence of CPs. To further obtain much higher analytical sensitivity of the system, our future work will focus on optimization of nanocomposite film structures and modification property of conjugated polymers. It is anticipated that this research can provide a new avenue for enhanced fluorescence detection.
Methods
Materials. PFPMO was synthesized according to a published procedure 42 . Ultrapure agarose, CS, ALG, PEI (Mr 5 55 000), tyrosinase (from mushroom, 4 276 units/mg), and dopamine were purchased from Sigma-Aldrich. Sodium citrate, silver nitrate, phenol, m-cresol, p-cresol, catechol and BPA were purchased from Beijing Chemical Reagent Co. Ltd.
Preparation of Ag@agarose films. Silver nitrate (9.5 mg) was mixed with deionized water (100 mL) at 45uC and heated rapidly until boiling with vigorous stirring. Aqueous sodium citrate (1%, 3 mL) was added, and then the mixture was boiled gently for 90 min while stirring. Ag NPs were collected via centrifugation (5 900 3 g, 15 min) and dispersed in H 2 O (10 mL) with a concentration of 3 3 10 7 NPs/mL. Quartz slides (10 3 10 mm) were immersed in piranha solution (H 2 O 2 :H 2 SO 4 5 153 v/v) at 80uC for 30 min, washed three times with deionized water, and then dried under a gentle stream of nitrogen gas. Agarose was dissolved in deionized water (1 mL) at 95uC with stirring to form a 0.5% solution. Then, 0, 5, 10, 20, 40, 60, 80, or 100 mL of the prepared Ag NP solution was added. Aliquots of the hot mixed solution (100 mL) were spread on one side of each quartz slide and dried in air for 4 h.
Preparation of Ag/PFPMO nanocomposite films. The Ag@agarose films were immersed in PEI solution (3 mL, 1 mg/mL) for 10 min to form the first PEI layer, and then alternatively immersed in charged ALG solution (3 mL, 1 mg/mL in deionized water) and CS solution (3 mL, 1 mg/mL in 0.1 M acetic acid) under the same conditions. The final layer was CS. In the experiments, 1-3 bilayers were added to control the thickness of the interlayer films. PFPMO solution (0.1 mM, 1 mL) was added dropwise onto each quartz slide. As a control, an agarose film without Ag NPs was covered with the same interlayers. The spotted slides were dried in air for 60 min at room temperature. MEF was measured by comparing the fluorescence intensities of different samples.
Detection of phenolic compounds on Ag/PFPMO nanocomposite films. Tyrosinase (2.5 mL, 200 units/mL) in phosphate buffered saline (25 mM, pH 5 6.8) was added dropwise onto each quartz slide. The spotted slides were dried in air for 30 min at room temperature. Different phenolic compounds (10 mL) were incubated on each slide at room temperature for 0-90 min. After drying in air for 60 min at room temperature, images of the microarray were obtained under 365-nm UV light.
Characterization. TEM images of the Ag NPs were observed by a JEM 2100 transmission electron microscope with an accelerating voltage of 120 kV. The concentration of Ag NPs was determined using a combination of TEM images and Agilent 7500 CE inductively coupled plasma mass spectrometry (ICP-MS). The sample was prepared by dissolving the suspension of Ag NPs with concentrated HNO 3 in a level of 100 ppb for ICP-MS analysis. The calculation of Ag NPs concentration is based on the concentration of silver atoms according to the following correlation: Ag NPs concentration 5 Ag atomic concentration 3 (0.144 3 /0.74/R 3 ), where 0.144 is the atomic radius of Ag in nanometer, 0.74 is the packing factor for FCC lattice structure and R is the effective radius of Ag NPs in nanometer. AFM images of the films were recorded by a NanoScope III AFM. UV-Vis absorption spectra were obtained using a Hitachi U3900 spectrophotometer. Fluorescence measurements were obtained at room temperature using a Hitachi F-7000 fluorescence spectrometer with a Xenon lamp excitation. The slit width and photomultiplier tube (PMT) voltages used were 5 nm and 700 V, respectively. Front face emission collection was employed for all films. The thickness of each multilayer film was determined with a surface profilometer (XP-2, Ambios Technology, Santa Cruz, CA) at room temperature. Photographs were taken under 365-nm UV light.
